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ABSTRACT: The novel material, one-dimensional lepidocrocite
(IDL) titanate, is attracting industrial and scientific interest
because of its applicability to a wide range of practical applications
and its ease of synthesis and scale up of production. In this study,
we investigated the CO, adsorption capability and pore structures
of 1DL freeze-dried and lithium chloride washed air-dried powders.
The synthesized 1DL was characterized by X-ray diffraction,
Raman spectroscopy, and scanning electron microscopy. Using the
constant-volume method, CO, gas adsorption revealed that the
1DL exhibits type IV adsorption—desorption isotherms. The heats
of adsorption obtained from the adsorption branches are lower
than those obtained from the desorption branches. Brunauer—
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Emmett—Teller (BET) analysis, using N, gas adsorption isotherms at 77 K showed that IDL possesses 80.2 m*/g of BET specific
surface area. Nonlocal density functional theory analysis indicated that two types of pores, meso-pores and ultramicro pores, exist in
the 1DL freeze-dried powders. This work provides deep insights into the pore structures and CO, adsorption mechanisms of 1DL

powders.

Bl INTRODUCTION

Global warming, caused by the escalating emission of the
greenhouse gas carbon dioxide (CO,), has become a
worldwide crisis." Human activities, particularly the combus-
tion of fossil fuels (such as coal, oil, and natural gas) and
deforestation, are responsible for CO, emissions. In response
to this pressing issue, extensive international endeavors have
been undertaken. A notable instance is the adoption of the
Paris Agreement in 201S. Furthermore, Japan has proclaimed
its commitment to achieve carbon neutrality—effectively
eliminating net CO, emissions—by the year 2050.>

To mitigate the environmental impact of CO,, various
measures aimed at emission reduction and recovery have been
implemented.”* Among these measures, CO, capture is a
crucial process for the effective utilization of CO,. If captured
CO, can be used for enhanced oil recovery,” it could be
sequestered underground for a long time. It would also allow
for the conversion of CO, into value-added materials,” and it
could also be used to boost the growth of plants in
greenhouses,7 among many other applications. CO, can also
be fixed by CO, mineralization. Mineralized CO, can be stably
discarded into the underground.®

The list of materials that have been proposed to capture
CO, is long. Among these, MXenes are recognized for their
capacity to adsorb CO, both on their surfaces and within their
interlayer spacings.” Additionally, MXenes exhibit photo-
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catalytic activity that facilitates the conversion of CO, into
valuable materials.'’ Another noteworthy group of adsorbents
is metal—organic frameworks (MOFs), which demonstrate the
ability to adsorb CO,. Specifically, MOFs constructed from
cyclodextrin and metal ions exhibit enhanced selectivity in
adsorbing CO, from CO,/C,H,/He mixtures, resulting in
their increased concentration.'" Notably, this particular type of
MOF experiences changes in conductivity upon CO,
adsorption, rendering it a promising candidate for novel CO,
sensors.'” Other adsorbents characterized by high specific
surface areas, such as molecular sieves and activated carbon,
also effectively adsorb CO,."*"*

Titania, TiO,, and TiO,-based materials such as titanates,
have also shown potential as effective CO, adsorbents. It is
known that TiO, adsorbs CO,,"* and several studies including

16,17

surface modification and making composites with other

. 18 . . . 19
materials,” making particle size nano-order ~ have been

performed to enhance the CO, capturing capacity of TiO,.
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Recently, we discovered a simple, single pot, scalable
method to make a truly one-dimensional, 1D, TiO,.>° Because
the structure is that of lepidocrocite, we refer to this new form
of TiO, as 1DL.>'~** Using a combination of X-ray diffraction,
XRD, and high resolution transmission electron microscope
(HRTEM) images, we concluded that the 1DL are nanofila-
ments (NF) 5 X 7 A in minimum cross-section and tens of
nanometers in length.”"** Figure 1A shows a schematic of a
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Figure 1. IDL structure and synthesis procedure. A) Structure
showing minimum cross-section of 2 X 2 TiOg octahedra and a high
aspect ratio along the growth direction; maximum width is a 2D flake.
B) Synthesis procedure.

single 1DL comprised of 2 X 2 edge shared TiOg4 octahedra.
The latter grow in the a-direction and self-assemble in the b-
direction. The lengths of these 1DLs are in the 20 to 50 nm
range, which implies that their aspect ratios are of the order of
60 (see bottom sketch in Figure 1A). One gram of 1DL spans
400 million miles and covers ~2,000 m%.*

It is important to note here that claims of 1D titania are
numerous.” > Our 1DLs, however, are the only ones that
meet the quantum mechanical definition of 1D in that their
band gap energy, E, is subject to quantum confinement. At 4
eV, E, of dilute 1DL suspensions is 4 eV. This record value for
titania is due to quantum confinement along two dimensions.*”
At ~ 3.2 eV, E, for bulk anatase and rutile are considerably
lower. Thus, it is not surprising that the electronic band
structures of 1DL and anatase/rutile are different.>

1DL synthesis is surprisingly simple: We react, Ti-containing
compounds like TiB,, TiC, etc., with tetramethylammonium
hydroxide (TMAOH) in the S0 to 90 °C temperature range
under 1 atm. for tens of hours, h. This results in the 1DL
shown in Figure 1A. After washing with ethanol, EtOH, to ~
pH 7, the final morphology one obtains is a sensitive function
of how the 1DLs are further processed. If water is used, a stable
colloid is formed. Filtering the colloid suspension results in
what appears to be 2D layers. The layers, however, are
comprised of 1DLs self-assembled into sheets that we label

quasi-2D or g-2D. An impetus of this work was our realization
that the 1DLs self-assemble in multiple configurations.

After synthesis and washing with EtOH to pH 7, the
interfilamentous space is occupied by TMA cations, TMA™.
The latter can be readily ion exchanged by other cations such
as Li, H;O, Na, Mg, Mn, Fe, and Ni, among other mono and
divalent cations etc.’”*® For instance, Li-intercalated 1DLs can
be exchanged by actinide cations such as U*.**

We have already shown that 1DLs can be used for a large
host of applications. They can be used as electrodes in lithium-
ion and lithium— sulfur batteries,”"”** photochemical hydrogen
production,® chemical cancer therapies,”’ water purification,”*
dye degradation,” polymer composites,*® and perovskite solar
cells.””

Compared to the other CO, capturing materials, the 1DLs
have several advantages. First, the processing is simple, one
pot, and easily scalable.”"”*** Currently, in the lab, we can
make 100 g of 1DL per batch under ambient pressure. Second,
the 1DL are synthesized from relatively inexpensive nontoxic
earth abundant materials such as TiB, and TiC.”"** The third
is theoretical specific surface area >1500 m?*g~".**

The purpose of this work is to report the CO, capturing
ability of our 1DL for the first time. In doing so we shed
important light on the pore sizes and their distribution.

We worked with porous powders prepared by freeze-drying,
FD, and other methods after replacing the TMA" with lithium
by washing with a lithium chloride (LiCl) solution and air-
drying. We confirmed that LiCl washing decreases distance
between 1DLs, as reported previously.”® We also document,
for the first time, that 1DL powders possess ultramicro pores.
The finding will expand their applicability to the gas molecule
adsorption field. Furthermore, we confirmed that distance
between 1DLs also decreases after degassing at 200 °C
followed by CO, adsorption desorption process also for the
first time.

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

Figure 1B summarizes the synthesis procedure. First, 1.16 g of TiB,
(Kojundo Chemical Laboratory Co., Ltd.) and 30 mL of 25 wt %
TMAH in water (Tokyo Chemical Industry Co., Ltd.) were added to
a 100 mL wide-mouth bottle (AS ONE Corp., Japan). Next, a
magnetic stirrer tip whose diameter (35 mm) was similar to the
bottom of the bottle was added. The system was then heated to 50 °C
using a water bath for 72 h while vigorously stirring. After 72 h, the
entire mixture was transferred to a 50 mL centrifuge tube. The
mixture was centrifuged at 3500 G for 5 min to separate the sediment
from the supernatant. After centrifugation, the latter was discarded,
and 40 mL of 99.5% EtOH, (FUJIFILM Wako Pure Chem. Corp.)
was added to the remaining sediment in the centrifuge tube. The
latter was hand-shaken for 5 min to disperse the sediment. The
centrifugation and hand-shaking cycles were repeated (usually 3
times) until the pH of the solution was <8.0. In all cases, the
supernatant was discarded. The last step was the addition of 35 mL of
DI water to the sediment. The mixture was shaken with an automatic
shaker (Fast and Fluid Management B. V.) for 15 min before
centrifugation at 3500 G for 10 min. The supernatant, comprised of a
1DL colloid suspension, was collected. Henceforth, these samples
made will be referred to the colloid.

One milliliter of 1DL colloid and 20 mL of DI water were mixed
and shaken with an automatic shaker for 5 min. The liquid was
vacuum filtered into a film using a membrane filter (pore size: 0.22
um, Durapore, Merck Millipore). Henceforth, these samples will be
referred to as filtered films, FFs.
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Another fraction of the 1DL colloid was frozen to —38 °C using a
medical freezer (FMF-038F1, FUKUSHIMA GALILEI Co. Ltd.
Japan). The frozen colloid was then freeze-dried to obtain a powder
that will henceforth be referred to as FD.

In another set of experiments, 1DLs were prepared and dried in
open air at S0 °C overnight, and then tested as synthesized (ie.
without freeze-drying). In this case, 10 g of TiB, precursor powders
(=325, Thermo Scientific, PA) were mixed with 100 mL of 25 wt %
TMAH aqueous solution (Electronic grade, 99.9999%, Alfa Aesar,
PA) in a 250 mL wide-mouth plastic bottle. Two fine needles were
inserted into the bottle to avoid pressure buildup during the reaction.
The mixture was shaken at 80 °C for 120 h using a temperature-
controlled shaker (Labnet 211DS, 49L, 120 V, NJ) under atmospheric
pressure. After the reaction, the resulting powders were combined
with ~200 mL ethanol (Decon Lab Inc., 200 proof, PA) in a beaker
(1L in volume), stirred for 1—2 h using an overhead mixer, and the
mixture was allowed to settle. The supernatant was discarded as
chemical waste. This washing step was repeated multiple times until
the pH reached 7. To exchange TMA™ with Li*, 200 mL of 5 M LiCl
solution (LiCl, Anhydrous, 99%, 20 mesh, Alfa Aesar, PA) was added
to the powders and stirred using an overhead mixer for 1—2 h under
ambient conditions. This step was performed three subsequent times
to ensure full cation exchange. The powders were then rinsed with DI
water (Millipore, 18.2 MQ, TOC < 3 ppb) for 3 cycles to remove any
unreacted LiCl salt or reaction byproducts. Finally, the resulting
particles were allowed to dry overnight at 50 °C in open air.
Henceforth, the resulting powder will be referred to as the LiCl air-
dried powder.

XRD diffraction, XRD, patterns of FD samples were obtained on a
diffractometer (Smart Lab3, Rigaku). The source: X-ray was Cu K,
over the 2° to 85° 26/6 angular range. The step size was 0.02° and the
time per step was 40 s. XRD patterns for the LiCl air-dried samples
were acquired using a different diffractometer (Rigaku Miniflix,
Tokyo, Japan) also using Cu K, radiation at 40 kV and 1S mA. The
powders were scanned in the 2°—65° 26 range with a step size of
0.02° and a dwell time of 1 s.

Raman spectroscopy of the FD samples was performed on a
spectrometer (RAMAN touch VIS-MA, nanophoton) using laser
excitation with a wavelength of 532 nm and 220 kW/ cm? powder
density. To image the material, we used a scanning electron
microscope, SEM (SU-5000, Hitachi HIGHTECH). The accelerating
voltage was S kV and a secondary electron (SE) detector was used. To
prepare samples for SEM, we drop cast the colloid on porous alumina
substrates. We also used a scanning transmission electron microscope,
STEM (JEOL JEM-F200/Noran system 7) to observe the structure of
the material. The accelerating voltage was 200 kV.

Adsorption isotherms of LiCl air-dried samples with CO, as the
adsorbate, were measured using a gas adsorption analyzer
(Quantachrome Autosorb iQ-XR) equipped with a temperature-
controlled recirculating Dewar to collect isotherms at 273, 278, 283,
288, and 293 K in the 0.017—100.7 kPa pressure range. Prior to the
adsorption measurements, these powders were degassed under
vacuum at 200 °C for 15 h. No outgassing between different
isotherm temperatures was performed.

The pore-size distribution curves were calculated from the
adsorption branch of the isotherm at 273 K by application of a
nonlocal density functional theory (NLDFT) model assuming CO,
adsorption at 273 K on a carbon adsorbent. Adsorption—desorption
isotherms of FD samples with CO, at 298 and 353 K were obtained
using a gas adsorption analyzer (BELSORP MAX, MicrotracBEL) in
the 0.0006—100.15 kPa pressure range. Prior to the adsorption
measurements, the FD samples were degassed under vacuum at 180
°C for 2 h.

Adsorption experiments of LiCl air-dried samples with nitrogen,
N,, as the adsorbate (77 K) were performed using a gas adsorption
analyzer (Quantachrome Autosorb iQ-XR) in the 0.0008—100.15 kPa
pressure range. Prior to the adsorption experiments, the LiCl air-dried
samples were outgassed under vacuum at 200 °C for 15 h. The SSA
was calculated using the N, adsorption isotherm at 77 K using the
Brunauer—Emmett—Teller (BET) method. The pore-size distribution

curves were calculated from the adsorption branch of the isotherm by
application of a NLDFT method assuming N, adsorption at 77 K on a
silica substrate with cylindrical pores in the mesopore range.

B RESULTS AND DISCUSSION

Figure 2 plots, on a log scale, typical XRD patterns of the
various powders tested here. In all cases, the peaks are indexed
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Figure 2. XRD and Raman characterization of various powders used
herein. A-1) Typical XRD pattern of 1DL TiO, FD powder, A-2) LiCl
washed air-dried, A-3) outgassed at 200 °C, and A-4) after CO,
adsorption desorption. In all patterns sharp peaks belong to the TiB,
precursor. B) Raman spectrum pattern of 1DL FD powder. All peaks
belong toTiO, lepidocrocite.

and are quite similar to ones we have published previously.””
In brief, there are 3 types of peaks. Low angle 0kO peaks, viz.
020, 040, etc., that are measure the distance, d, between the
filaments along the b-direction. Peaks at 48° and 62° 260
correspond to the 200 and 002 planes and are not a function of
what is in between the 1DLs as observed here (Figure 2).
From these peaks, we obtain a- and c-lattice parameters that
are in excellent agreement with our previous work and, more
importantly, with those for 2D lepidocrocite titanates.”> The
last set of planes is between the OkO and 48° 26 peaks. The
locations of these peaks are weak functions of what is between
the 1DLs and can be indexed as in 2D lepidocrocite (Figure 2).
The peak shift with outgassing at 200 °C and exposure to CO,
would occur from the partial desorption of intercalated
hydrated water. Previous DFT calculation results suggest that
the interlayer distances are 9.87 and 6.45 A for hydrated and
unhydrated lithium, respectively.”® Therefore, it is reasonable
to assume that the partial desorption of hydrated water reduces
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the interlayer distances in the interlayer distance range (9.87 A
to 6.45 A). The weak sharp peaks are those of unreacted TiB,.
To further investigate the structure, Raman spectroscopy
was carried out. The results (Figure 2E) are consistent with
those of lepidocrocite TiO,.”’
The SEM micrograph shown in Figure 3A, clearly shows the
1D nature of our material. Based on these results, we conclude

A)

Figure 3. A) SEM and B) TEM micrographs of typical long 1DL
segments. Sample was prepared by drop casting 1DL colloid onto
porous alumina. 1DL slurry was washed with 0.5 M LiCl aqueous
solution before drop casting.

that our material is a 1DL titanate.”*® Figure 3B shows a high-
resolution TEM image of our sample. The sample possesses a
wire-like structure consistent with the SEM image, and black
circle regions can be observed. The circle regions have a darker
color than the other regions, which suggests that the circle
region has a higher electron absorption efliciency than the
other regions.

Figure 4A plots the CO, adsorption isotherm of the FD
powders at 25 and 80 °C. For both temperatures, hysteresis
loops were obtained. From the shape of the loops it is
reasonable to conclude that the isotherms are of type IV. In
other words, we are dealing with porous mesostructures. This
result also indicates that once the CO, adsorbs on the 1DL, it
becomes more difficult to detach from it. The isotherms are
steep in the low-pressure regime, indicating than in that region
the adsorption—desorption capabilities are high.

A heat of adsorption, AH, 4, analysis was performed for the
desorption/adsorption isotherms shown, respectively, in
Figures S1 and S2. The analysis results, shown in Figure 4B,
indicate that the AH,y (red symbols in Figure 4B) on
adsorption are lower than their desorption counterparts (blue
symbols in Figure 4B). This result is consistent with the
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Figure 4. A) Adsorption and desorption CO, isotherms by 1DL FD
powders. Red and blue plots show result at 25 and 80 °C, respectively.
Data points on adsorption and desorption are shown by open and
solid symbols, respectively. Inset magnifies isotherms in low-pressure
region. Arrows indicate the experiment’s direction. B) Heat of
adsorption analysis result for CO,. Red and blue symbols represent
values on adsorption and desorption, respectively.

hysteresis loops observed in Figure 4A. The fact that these
heats of adsorption/desorption are unequal implies that the
CO, molecules somehow interact with the 1DL surfaces. The
sharp increase of adsorption volume of CO, between 273 and
278 K shown in Figures S1 and S2 indicates a change in the
interaction between 1DLs and CO, molecule. The high
adsorption volume suggests chemisorption of CO, at 278 K
unto the 1DLs.

BET analysis was performed for the adsorption isotherm of
CO, at 298 K (red open symbols in Figure 4A) as well as for
the adsorption of N, at 77 K (Figure S3). The results are
summarized in Table 1. Both gases indicate that the BET
surface area obtained are comparable and relatively low. BET
analysis with CO, adsorption isotherm was previously used for
research on ultrasmall (<2 nm) regions because CO, can
access ultramicro pores.’”” The comparable surface areas
obtained from the N, and CO, isotherms indicate that 1DLs
possess ultramicro and mesopores.*” The theoretical surface

Table 1. Results of BET Analysis of N, and CO, at Different
Temperatures

gas temp. analyzed pressure range BET surface area
species (€) b/p) (m'/3)

N, 77 0.05—0.35 80.19

CO, 298 0.0009—-0.0054 75.60
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area, assuming 2D TiO, sheets 0.5 nm thick, is ~500 mz/g.
Recent dye adsorption experiments suggest effective SSAs of
~2,000 m?/ g.25 There is thus no doubt that the SSAs obtained
by BET are substantially lower than the theoretical or those
deduced from dye adsorption. This is not unique to 1DLs and
is common in other nanomaterials such as MXenes."' The
conventional wisdom here is that the N, and CO, gases only
penetrate a small fraction of the pores and/or the interlayer
space between the 2D layers in MXenes or the quasi-2D layers
in this work.

The results of a NLDFT analysis for the CO, adsorption/
desorption isotherm of CO, (green solid symbols in Figures S1
and 2) and N, adsorption desorption isotherm (Figure S3) are
shown in Figure 5A,B, respectively. NLDFT analysis for CO,
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Figure S. Pore volume vs pore width NLDFT analysis on, A)

adsorption branch of the CO, isotherm at 273 K (red solid symbols in

Figures S1 and S2). B) adsorption branch of the N, isotherm at 77 K

(Figure S3). In both panels, red plots indicates cumulative pore

volume; blue plot indicates pore volume for each pore diameter,

av(d).

and N, adsorption isotherms clarifies the ultramicro and
mesopore structures, respectively. When CO, is used, the
NLDFT analysis (Figure SA) indicates that the 1DL FD
powders possess three sizes of ultramicro pores, viz. 0.35 nm,
0.69 and 0.82 nm in diameter. When N, is used on the same
powder, the same analysis (Figure SB) indicates the powder
possess mesopores roughly S nm in diameter. It is thus
reasonable to conclude that our 1DLs possess two types of
pores, ultramicro and mesopores. The ultramicroporous and
mesoporous volumes of the 1DL FD powders are 0.013 and
0.18, respectively. given that the BET areas for the two gases

are comparable (Table 1) it follows that a =~ 6 time difference
in pore volume exists.

The SSA obtained from BET analysis is almost the same, but
the difference in volume is six times. This difference indicates
that the smaller quantity of difference in surface area would
result from the enhancement of surface area in the refinement
of pores.

B CONCLUSIONS

In summary, herein we report for the first time on the CO, gas
adsorption capacity and the pore structures of 1DL. Compared
with TiO, anatase, the CO, adsorption capacity of 1DL (0.71
mmol/g at 298 K and 100 kPa) is more than 10 times that of
anatase (0.061 mmol/g at 298 K and 100 kPa)."” This is likely
due to the presence of the ultramicro pores in 1DLs.
Moreover, 1DLs has a substantially larger CO, adsorption
capacity than that of Ti;C, MXene (0.18 mmol/g at 298 K and
415 kPa).*®

However, the mechanism by which each pore size
contributes to CO, adsorption, which sites adsorb CO,, and
the reason why detachment of adsorbed CO, seems more
difficult remain unclear. Although there are several unknowns
at this stage, the easy and industrially friendly synthesis
procedure of 1DLs*"** and its unique optical properties®> in
that the band gap energy of bulk TiO, cannot be modified but
that of 1IDL TiO, can be tunable, suggest that 1DL TiO, is
promising as a novel adsorbent for CO, capture and utilization
applications.
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